The Saccharomyces cerevisiae targets of rapamycin, TOR1 and TOR2, are functionally and structurally conserved protein kinases that control a large and diverse set of growth-related readouts in response to nutrient availability (53) . In yeast, rapamycin treatment or TOR depletion results in several physiological changes characteristic of starved cells, including inhibition of translation initiation, inhibition of ribosome biogenesis, specific changes in transcription, sorting and turnover of nutrient permeases, accumulation of storage carbohydrates (such as glycogen), and induction of autophagy (reviewed in references 12 and 52). Nitrogen (in particular glutamine) and possibly carbon are important nutrients in the context of yeast TOR signaling (13, 56) . Mammalian TOR (mTOR) controls translation and other growth-related processes in response to amino acids and a growth factor signal (e.g., insulin). The growth factor input into the mTOR pathway is via phosphatidylinositol 3-kinase (PI3K), PDK1, and protein kinase B (PKB; also known as Akt). The precise nature of the link between mTOR and PI3K signaling remains to be determined but may involve the PKB-mediated phosphorylation and inhibition of the tuberous sclerosis protein complex (TSC1-TSC2) upstream of mTOR. Control of translation by mTOR is via activation of S6 kinase (S6K) and inhibition of the eIF4E inhibitor 4E-BP1 (reviewed in reference 30).
The yeast TORs control several readouts via a phosphatase switch composed of the type 2A-related phosphatase SIT4, the PP2A/SIT4-associated protein TAP42, and the TAP42-interacting protein TIP41 (16, 29, 31) . Under good nutrient conditions, TOR promotes the binding of SIT4 to TAP42, thereby maintaining SIT4 inactive. On rapamycin treatment or nutrient depletion (i.e., TOR-inactivating conditions), SIT4 dissociates from its inhibitor TAP42 and is active. Activated SIT4 dephosphorylates and activates several targets, such as the GATAtype transcription factor GLN3, the Ser/Thr kinase NPR1, and TIP41 (2, 29, 54) .
Under favorable nutrient conditions, TOR globally represses starvation-specific transcription by sequestering several nutrient-responsive transcription factors, such as the GATA factors GLN3 and GAT1, the zinc finger transcription factors MSN2 and MSN4, and the bHLH/Zip factor RTG1/3, in the cytoplasm (12, 35) . In the case of GLN3, TOR prevents the transcription of genes normally induced on nitrogen limitation by promoting the association of GLN3 with the cytoplasmic URE2 protein (2, 4, 9, 25) . The phosphorylation of GLN3, which is antagonized by SIT4, is critical for its interaction with URE2 and thus for its cytoplasmic retention (2) . Similarly, TOR and TAP42 maintain the protein kinase NPR1 in an inactive, phosphorylated state whereas TOR inactivation results in the SIT4-dependent dephosphorylation and activation of NPR1. The phosphorylation state of NPR1, in turn, impinges on the sorting and turnover of amino acid permeases such as the tryptophan permease TAT2 and possibly the general amino acid permease GAP1 (3, 15, 54) . Ultimately, both GLN3 and NPR1 are involved in scavenging or synthesizing alternative nutrient (nitrogen) sources. TOR also signals to the translation machinery via TAP42, but the mechanism by which TAP42 and/or the PP2A phosphatases are involved in the control of protein synthesis is unknown. TOR also negatively regulates RTG1/3, MSN2, and MSN4 but does so independently of SIT4 (2, 37) . For other TOR readouts such as ribosome biogenesis or autophagy, the effector pathways are un-known but may involve novel TOR effectors or cross talk with other growth-controlling signaling pathways.
In addition to its redundant function with TOR1 in a rapamycin-sensitive signaling pathway, TOR2 performs a rapamycin-insensitive function that mediates the polarization of the actin cytoskeleton (53) . Recently, two large TOR complexes comprising the TOR proteins and several partner proteins (KOG1, LST8, and AVO1 to AVO3) have been identified in yeast (38, 64) . At least one of the complexes is conserved in mammals (24, 33, 38) . These structurally and functionally distinct complexes account for the diversity and specificity of TOR signaling in yeast.
The RAS/cyclic AMP (cAMP) pathway in S. cerevisiae plays a major role in the control of growth and metabolism in response to nutrients. The core of the pathway consists of the guanine nucleotide exchange factor CDC25, which, presumably in response to nutrients, activates the redundant small GTPases RAS1 and RAS2 (RAS). RAS, in turn, activates adenylate cyclase (encoded by the CDC35 gene), resulting in the production of cAMP and activation of protein kinase A (PKA) by dissociation of the PKA regulatory subunit BCY1 and the PKA catalytic subunit(s) (redundantly encoded by the TPK1, TPK2, and TPK3 genes) (7) . The RAS/cAMP pathway negatively regulates cellular physiology characteristic of stationary-phase/nutrient starvation. Thus, cells deficient in RAS/ cAMP signaling, similarly to TOR-depleted or rapamycintreated cells, exhibit a G 1 cell cycle arrest, accumulation of storage carbohydrates (e.g., glycogen and trehalose), and specific changes in transcription (7, 59) . RAS/cAMP signaling has also been implicated in the nutrient-mediated control of ribosome biogenesis (reviewed in reference 62; see Discussion). Consistently, cells with constitutive RAS/cAMP signaling fail to adapt their growth program in response to nutrient starvation and rapidly lose viability. Recently, the complexity of RAS/cAMP signaling has increased as a result of the discovery of a G-protein-coupled receptor system, consisting of GPR1 and its G ␣ protein GPA2, that appears to act upstream of adenylate cyclase to stimulate cAMP production, probably in response to glucose (36, 40, 66) . Moreover, cAMP production is a very fine-tuned process that is regulated at different levels involving, for instance, feedback loops and the action of phosphodiesterases (59) . The way in which nutrients are sensed by the RAS/cAMP pathway remains unclear.
The precise mechanism(s) by which PKA controls cell growth is not known. It has long been known that the majority of downstream targets of PKA are enzymes involved in intermediary (carbon) metabolism (59) . More recently, however, other PKA targets have emerged. For instance, PKA negatively regulates the transcription of a large number of stressresponsive genes by phosphorylating and inactivating MSN2 and probably MSN4 (20, 21, 58) . The MSNs are redundant, stress element (STRE, AG 4 )-binding transcription activators (6, 41, 55) . The MSNs are also negatively controlled by TOR, via the 14-3-3 proteins BMH1 and BMH2 (2, 5) . Moreover, PKA negatively regulates RIM15, a kinase involved in the control of postdiauxic transcription (48, 51) .
The RAS/cAMP pathway is connected to other nutrientregulated signaling components, such as the kinase SCH9 (a yeast PKB homologue) and YAK1/SOK1 (see below) (59) . A functional interaction between the RAS/cAMP pathway and TOR has also been suggested (2, 14) , but this interaction has not been investigated directly and systematically.
Here we report that constitutive activation of the RAS/ cAMP pathway suppresses a TOR deficiency. We also provide evidence for regulation of PKA and YAK1 localization by TOR. These findings suggest that the RAS/cAMP pathway is a TOR effector pathway distinct from the previously characterized TAP42/SIT4 pathway.
MATERIALS AND METHODS
Strains, plasmids, and media. The S. cerevisiae strains and plasmids used in this study are listed in Tables 1 and 2 , respectively. All strains from our laboratory are isogenic derivatives of TB50a, TB50␣, or JK9-3da. Strains from other laboratories, including the corresponding parental strains, are also listed in Table  1 . Rich medium (YPD) or synthetic minimal medium (SD) complemented with the appropriate nutrients for plasmid maintenance were as described previously (3, 57) . Nitrogen starvation experiments were performed with synthetic medium as previously described (54) . Rapamycin was used at a final concentration of 200 ng/ml from a 1-mg/ml stock in 90% ethanol-10% Tween-20. Different incubation periods with rapamycin were used, depending on the readout being examined. Some readouts, due to their inherent delay in development, required longer incubation periods before they could be visualized.
Genetic techniques and multicopy suppressor isolation. Restriction enzyme digests, ligations, and isolation of plasmids were performed by standard methods. Yeast transformation was performed by the standard lithium acetate procedure (28) . PCR cassettes were used to generate gene deletions and modifications as described previously (39) . The PHO8 gene in strains used for autophagy assays (see below) was replaced with pho8⌬60 by inserting plasmid pTN9 into the PHO8 locus and excised as described previously (45) .
Strain TB105-3B (gln3 gat1) was used to isolate multicopy suppressors that confer increased rapamycin resistance. Isolation of the multicopy suppressors was performed using a 2m, URA3 (pSEY18 backbone)-based library derived from strain R1 (27) . Cells were allowed to recover from the transformation in liquid YPD at 30°C for 5 h before being plated on YPD containing 200 ng of rapamycin per ml. Rapamycin-resistant transformants were isolated and passaged through 5-fluoroorotic acid plates to demonstrate that the increased resistance to rapamycin was plasmid linked. Plasmids were rescued and retransformed into the parental strain to recheck resistance. Deletions and subclones were made to ascertain which open reading frame (ORF) on each clone was responsible for rapamycin resistance in a gln3 gat1 mutant.
Glycogen staining. Samples (7.5 optical density at 600 nm equivalents) from cultures treated with rapamycin or drug vehicle alone for 5 h were transferred to Millipore HA filters. The filters were subsequently placed on a solid agar matrix and exposed to iodine vapor as described previously (1) .
Fluorescence microscopy. (i) Indirect immunofluorescence. To localize HXT1-HA 3 , GLN3-myc 13 , HA 2 -TPK1, HA-BCY1, and YAK1-myc 13 , cells were grown at 30°C and treated with rapamycin or drug vehicle alone for the indicated times. Tagged proteins were visualized by indirect immunofluorescence on whole fixed cells, as described previously (3). High-affinity monoclonal antibodies (mouse anti-HA [HA.11, clone 16B12; BabCO] and anti-myc [clone 9E10; kindly provided by H.-P. Hauri, Biozentrum, Basel, Switzerland]) and Cy3-conjugated rabbit anti-mouse immunoglobulin G (Molecular Probes) were used to visualize tagged proteins. DNA was stained with 4Ј,6-diamidino-2-phenylindole (DAPI) at a concentration of 1 g/ml. The cells were visualized with a Zeiss Axiophot microscope (100ϫ objective).
(ii) GFP microscopy. Cells expressing MSN2-green fluorescent protein (GFP) were grown to logarithmic phase, treated with rapamycin or drug vehicle alone or shifted to nitrogen-free medium for 25 min, and fixed for 2 h in phosphatebuffered saline-formaldehyde (3.7% final concentration). After three washes with PBS, samples were observed by using a Zeiss Axioplan microscope (XBO 75 W/2 xenon short-arc lamp).
Immunoblotting. Whole-cell extracts for sodium dodecyl sulfate-polyacrylamide gel electrophoresis were prepared by glass bead lysis as described previously (3). Phosphatase (10 mM NaF, 10 mM NaN 3 , 10 mM p-nitrophenylphosphate, 10 mM sodium pyrophosphate, 10 mM ␤-glycerophosphate) and protease ( samples were incubated for 5 min at 30°C (typically in a reaction volume of 1.8 ml) to allow the incorporation of label into nascent rRNA and tRNA transcripts. Then 10% of the cells were collected on Whatman glass microfiber filters to control for label uptake. The remaining 90% were harvested by centrifugation, washed with water, and subjected to total-RNA preparation by standard methods (11) . Uptake counts on the filters and isolated total RNA were subsequently subjected to analysis in a scintillation counter. Incorporated RNA counts were normalized to the uptake of the label by the corresponding cells. We noticed that sit4 mutant cells reproducibly displayed reduced label uptake in comparison to wild-type cells. Autophagy (alkaline phosphatase) assay. Progression of autophagy was analyzed by the increase of alkaline phosphatase activity in cells expressing a cytosolic proform of the alkaline phosphatase protein (PHO8⌬60) with 55 mM ␣-naphthyl phosphate as the substrate. The protein concentration of samples after glass bead extraction in assay buffer (250 mM Tris-HCl [pH 9.0], 10 mM MgSO 4 , 10 M ZnSO 4 ) was determined by the Bio-Rad microassay. The assay was basically performed as described previously (46), with samples being incubated for 20 min at 30°C and the fluorescence intensity of emission at 472 nm being monitored after excitation at 345 nm. For each sample, the alkaline phosphatase activity determined was normalized to the corresponding protein concentration.
RESULTS
Activation of the RAS/cAMP pathway confers resistance to rapamycin. Yeast cells lacking the TOR-controlled GATA transcription factors GLN3 and GAT1 are only weakly resistant to the growth-inhibitory properties of rapamycin (2) (Fig.  1) . Thus, rapamycin must still inhibit some growth-related processes in gln3 gat1 mutant cells. To identify such processes, we conducted a selection for multicopy suppressors that confer increased resistance to rapamycin in a gln3 gat1 mutant background. Essentially all the characterized multicopy suppressors encoded activators of the RAS/cAMP pathway or proteins functionally linked to the RAS/cAMP pathway. The suppressors included the RAS guanine nucleotide exchange factor CDC25, the PKA catalytic subunit TPK1, the previously isolated PKA suppressor of unknown function SOK1 (61) , and the 14-3-3-protein BMH2 (Fig. 1A) . We subsequently observed that activation of the RAS/cAMP pathway by expression of a constitutively active RAS2 (RAS2 Val19 or RAS2 Ala18Val19 ) or GPA2 (GPA2 R273A ) also confers increased rapamycin resistance in a gln3 gat1 mutant (Fig. 1A and data not shown for GPA2). None of the above suppressors conferred significant rapamycin resistance in our wild-type strain (shown for RAS2 Val19 in Fig. 1A ), indicating that activation of the RAS/cAMP pathway can confer resistance to rapamycin (200 ng/ml) only in the absence of the TOR-controlled factors GLN3 and GAT1. Consistent with the above findings, deletion of components that antagonize the RAS/cAMP pathway also resulted in increased rapamycin resistance. In particular, deletion of BCY1, encoding the PKA regulatory subunit (60), or deletion of YAK1, encoding a DYRK family kinase and a SOK1 antagonist (19, 61) , conferred pronounced rapamycin resistance in a gln3 gat1 mutant (Fig. 1B and data not shown for YAK1). BCY1 and YAK1 deletions by themselves did not confer detectable rapamycin resistance (Fig. 1B and data not shown for YAK1) . Thus, constitutive activation of the RAS/cAMP pathway, but only in combination with the loss of GLN3 and GAT1, results in strong resistance to rapamycin. This strong rapamycin resistance is comparable to that conferred by the TOR1-1 allele.
Given the above, one might expect that a reduction in RAS/ cAMP signaling would result in rapamycin hypersensitivity.
However, contrary to this expectation, loss-of-function mutations in RAS2 (ras2⌬) or TPK (tpk1 w1 tpk2⌬ tpk3⌬) did not confer rapamycin (1 to 5 ng/ml) hypersensitivity (data not shown). The RAS/cAMP pathway is essential, and the above mutations might not reduce RAS/cAMP signaling sufficiently to uncover a rapamycin-hypersensitive phenotype. It is worth noting that the tpk (tpk1 w1 tpk2⌬ tpk3⌬) mutant was originally selected as a strain in which PKA activity is uncoupled from nutrients and has elevated cAMP levels (8) .
Activation of the RAS/cAMP pathway prevents rapamycininduced nuclear translocation of MSN2, STRE-dependent transcription, and accumulation of glycogen. To understand how activation of the RAS/cAMP pathway contributes to increased rapamycin resistance, several TOR-controlled readouts were assayed in bcy1 or RAS2 Val19 (RAS2 V19 ) mutants, i.e., cells with an activated RAS/cAMP pathway. The readouts were examined in a wild-type GLN3 GAT1 strain to prevent indirect effects on the readouts due to rapamycin-resistant growth. We first investigated the localization of MSN2, using an MSN2-GFP fusion. As reported previously (2), MSN2 quickly translocated from the cytoplasm into the nucleus in wild-type cells treated with rapamycin. In cells with an activated RAS/cAMP pathway (bcy1 or RAS2 Val19 ), however, the rapamycin-induced translocation of MSN2 to the nucleus was completely abolished (Fig. 2A) . The nuclear accumulation of MSN2 typically seen on nitrogen (ammonium) starvation was also fully blocked by activation of the RAS/cAMP pathway (Fig. 2B) . Thus, changes in MSN2 localization in response to TOR inactivation by rapamycin treatment or nitrogen starvation are prevented by activation of the RAS/cAMP pathway, suggesting that TOR and the RAS/cAMP pathway share downstream targets.
MSN2 and its homologue MSN4 control the transcription of several genes whose products are involved in diverse stress responses. Binding of MSN2 and MSN4 to the promoter of these "stress genes" is mediated by a STRE promoter element (41, 55, 58) . To confirm that an activated RAS/cAMP pathway blocks rapamycin-induced, MSN-dependent transcriptional activity, we analyzed the transcript levels of HSP12. The HSP12 gene harbors several STRE elements, and its induction upon diverse stresses is MSN dependent (41, 55) . As expected from the above findings, HSP12 was induced in wild-type cells on rapamycin treatment but not in bcy1 or RAS2
Val19 cells (Fig.  2C) . Thus, activation of the RAS/cAMP pathway indeed prevents the rapamycin-induced transcription of stress genes.
Accumulation of the storage carbohydrate glycogen usually occurs on nutrient starvation and is an indicator of stationary phase. Barbet et al. have reported that cells treated with rapamycin strongly accumulate glycogen (1). As another TOR readout, we tested whether cells lacking BCY1 or expressing RAS2
Val19 accumulate glycogen on rapamycin treatment. Wild-type, bcy1, and RAS2
Val19 cells were treated with rapamycin and stained for glycogen by using iodine vapor. Whereas wild-type cells treated with rapamycin stained dark brown (indicating the accumulation of glycogen), bcy1 or RAS2
Val19 cells showed no glycogen accumulation (Fig. 2D) . The lack of rapamycin-induced glycogen accumulation by bcy1 or RAS2 Val19 cells is contrary to a previous report (1), a discrepancy possibly due to strain variation.
To determine whether the repression of rapamycin-induced ), pTS119 (RAS2 A18V19 ), pTB424 (CDC25), pTB439 (TPK1), pTB419 (BMH2), or pTB429 (SOK1) were incubated at 30°C for 2.5 days on YPD medium with or without rapamycin (rap; 200 ng/ml). The mutant TOR1-1 allele encodes a protein that is insensitive to rapamycin; thus, TOR1-1 cells are fully resistant to rapamycin. (B) Wild-type (wt, TB50a), TOR1-1 (JH11-1C), bcy1 (TS141), gln3 gat1 (TB105-3B), and bcy1 gln3 gat1 (TS160-6C) cells were incubated at 30°C for 2.5 days on YPD medium with or without rapamycin (200 ng/ml). Val19 (TS95-1D/pTS118), and sit4 (TS65-2D) cells were pregrown in synthetic medium, shifted to YPD, grown for three or four generations, and treated with drug vehicle or rapamycin for 25 min. Total RNA was probed with 32 P-labeled DNA probes specific for HSP12 and for actin (ACT1) as the loading control. (D) Wild-type (wt, TB50a), bcy1 (TS141), RAS2
Val19 (TS95-1D/pTS118), tap42-11 (TS83-6A), and sit4 (TS65-2D) cells were grown in complete synthetic medium (at 30°C, except for TS83-6A, which was grown at 24°C) and treated with rapamycin or drug vehicle alone for 5 h. Cells collected on filters were subsequently exposed to iodine vapor to stain glycogen. (E) Wild-type (wt, SP1) and bcy1 tpk1 w1 tpk2 tpk3 (RS13-58A-1) cells were grown in complete synthetic medium, treated with rapamycin or drug vehicle, and stained for glycogen as described for panel D. rental) wild-type strain displayed strong rapamycin-induced glycogen accumulation (Fig. 2E) . Thus, even moderate elevation of PKA activity is sufficient to prevent rapamycin-induced glycogen accumulation. This finding is in good agreement with our above observation that nonactivated alleles, such as wildtype TPK1 and SOK1, confer rapamycin resistance (Fig. 1) .
In summary, activation of the RAS/cAMP pathway is sufficient to largely prevent the stress response and stationaryphase indicators associated with inactivation of TOR signaling. Cutler et al. have reported that activation of the RAS/cAMP pathway also prevents a rapamycin-induced block of pseudohyphal growth (14) .
Activation of the RAS/cAMP pathway partly represses rapamycin-induced autophagy. Autophagy, the bulk degradation of ribosomes and other cytoplasmic constituents on nutrient starvation, is negatively controlled by TOR via the APG1-APG13 complex (32, 46) . We investigated whether activation of the RAS/cAMP pathway prevents rapamycin-induced autophagy. To monitor autophagy, we took advantage of a cytoplasmic proform of alkaline phosphatase (PHO8⌬60) (45) . As reported previously (46) , treatment of wild-type yeast cells with rapamycin resulted in a significant induction (approximately 10-fold, considered 100%) of autophagy, as assayed by alkaline phosphatase activity. Autophagy was induced only 20 or 40% in rapamycin-treated bcy1 or RAS2
Val19 cells, respectively, indicating that activation of the RAS/cAMP pathway partly prevents autophagic processes induced on inactivation of TOR (Fig. 3) . These results are consistent with previous reports demonstrating that exogenous cAMP prevents starvation-or rapamycin-mediated induction of autophagy (46) . Activation of the RAS/cAMP pathway prevents rapamycininduced down-regulation of ribosome biogenesis. Rapamycin treatment, similar to nutrient depletion, leads to a rapid and pronounced down-regulation of Pol II-dependent ribosomal protein (RP) genes, a down-regulation of Pol I-and Pol IIIdependent rRNA and tRNA genes (9, 25, 49, 67) , and a downregulation in rRNA processing (49) . Thus, TOR signaling broadly controls ribosome biogenesis. The RAS/cAMP pathway also controls ribosome biogenesis, at least at the level of RP gene transcription (62) . We examined if activation of the RAS/cAMP pathway blocks the rapamycin-induced down-regulation of RP gene transcription. Wild-type, bcy1, and
RAS2
Val19 cells were treated with rapamycin, and total RNA was extracted and probed for the two mRNAs encoding the large and small ribosomal subunit proteins RPL30 and RPS26A, respectively. Whereas wild-type cells displayed a pronounced down-regulation of both RP gene transcripts after rapamycin treatment, a similar down-regulation was absent or only very weakly detected in bcy1 or RAS2
Val19 cells (Fig. 4A ). To monitor Pol I-and Pol III-dependent synthesis of rRNA and tRNA, we assayed biosynthetic methylation of precursor rRNA and tRNA. The assay consisted of selective in vivo labeling of rRNA and tRNA with [C 3 H 3 ]Met. Label incorporation into nascent Pol I and III transcripts was calculated by subjecting extracted total RNA to scintillation counting and normalizing the obtained values to the corresponding values for label uptake. As reported previously, uptake of the label was only slightly affected by rapamycin treatment (reference 49 and data not shown). Also as shown previously, label incorporation into nascent rRNA and tRNA decreased approximately fourfold in rapamycin-treated wild-type cells (49) (Fig. 4B) . In contrast, rapamycin-treated bcy1 and RAS2
Val19 cells displayed little to no decrease in label incorporation into nascent rRNA and tRNA. These results suggest that Pol I and Pol III activity in bcy1 or RAS2
Val19 cells, in contrast to that in wild-type cells, persists despite TOR inactivation. Thus, activation of the RAS/ cAMP pathway contributes to growth of cells on rapamycincontaining medium by preventing the down-regulation of ribosome biogenesis via the maintenance of RP gene, rRNA and tRNA transcription.
Activation of the RAS/cAMP pathway prevents rapamycininduced down-regulation of the glucose transporter HXT1. Yeast cells possess a large number of functionally redundant HXT genes that encode hexose (glucose) transporters belonging to the major facilitator superfamily of transporters. Via the combined action of different regulatory mechanisms, only the glucose transporters appropriate for the amount of extracellular glucose are expressed and/or maintained at any given time (reviewed in reference 47). The HXT1 gene encodes a major, low-affinity, high-capacity glucose transporter that is present when glucose is abundant, i.e., under favorable growth conditions. TOR controls, via the kinase NPR1, the sorting and thereby the stability of the high-affinity tryptophan permease, TAT2. On TOR inactivation, TAT2 is targeted to the vacuole and degraded (3). To investigate if TOR signaling also regulates the major hexose transporter, HXT1, we examined the expression of C-terminally HA-tagged HXT1 in rapamycintreated cells by immunoblotting. Rapamycin treatment resulted in loss of the HXT1 signal, indicating that TOR maintains HXT1 (Fig. 5A ). This finding suggests that HXT1 is a (heretofore unknown) target of TOR signaling. We also examined the subcellular localization of HXT1 in rapamycin-treated cells by indirect immunofluorescence of whole fixed cells. Whereas HXT1 was located mainly at the plasma membrane (TS140/pTS118), and sit4 (TS145-1C) cells (all expressing the modified alkaline phosphatase form PHO8⌬60) were grown in synthetic complete medium and treated with rapamycin or drug vehicle for 3 h. They were then subjected to alkaline phosphatase (autophagy) assay as described in Materials and Methods. Shown is the induction of autophagic activity on rapamycin treatment, set to 100 (%) for wild-type cells. Means and standard deviations of the means of at least three assays were plotted.
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(rim staining) in control cells, rapamycin treatment resulted in a significant reduction in the amount of plasma membranelocalized HXT1 and the appearance of a signal in intracellular compartments, possibly the vacuole or other "degradation" compartments (Fig. 5B) . Interestingly, the rapamycin-induced down-regulation of HXT1 was blocked in sla2 or rsp5 mutant cells, as observed by immunoblotting (data not shown). SLA2 (also called END4) is required for the endocytosis of several plasma membrane proteins (50) , and RSP5 (also called NPI1) encodes a ubiquitin protein ligase (26) , indicating that rapamycin-induced HXT1 down-regulation requires ubiquitination and endocytosis. Therefore, TOR appears to broadly control the stability of nutrient transporters, possibly to adjust the import rate of diverse nutrients to the growth rate. Interestingly, mTOR also controls several mammalian nutrient transporters, possibly including the principal glucose transporter Glut1 (18) . We investigated whether activation of the RAS/cAMP pathway counters the rapamycin-induced down-regulation of HXT1. As assayed by immunoblotting, bcy1 or RAS2
Val19 prevented the down-regulation of HXT1 (Fig. 5A) . Also, as detected by immunofluorescence on whole cells, bcy1 or RAS2 Val19 largely, but not completely, prevented the internalization of HXT1 (Fig. 5B) . Taken together, these results suggest that activation of the RAS/cAMP prevents the downregulation of HXT1 following TOR inactivation, thus providing yet another possible reason for the growth of bcy1 or RAS2
Val19 cells on rapamycin-containing medium. TOR-controlled, TAP42/SITA-mediated events and TORcontrolled, RAS/cAMP-related readouts define distinct rapamycin-sensitive signaling pathways. On TOR inactivation by nutrient depletion or rapamycin treatment, the TAP42 inhibitor protein dissociates from the phosphatase SIT4, resulting in SIT4 activation and, subsequently, SIT4-mediated dephosphorylation of the GATA factor GLN3 and the kinase NPR1 (2, 29) . To further understand the specificity of the effects of RAS/cAMP signaling on TOR-controlled readouts, we investigated whether activation of the RAS/cAMP pathway affects the SIT4-dependent readouts GLN3 and NPR1. As described previously (2), GLN3 efficiently translocated from the cytoplasm to the nucleus in rapamycin-treated wild-type cells (Fig.  6A) . In bcy1 or RAS2
Val19 cells, the nuclear translocation of GLN3 observed upon rapamycin treatment was similar to that observed in wild-type cells (Fig. 6A) . Thus, activation of the RAS/cAMP pathway does not affect TOR signaling through TAP42 and SIT4 to GLN3. This accounts for the earlier observation that an activated RAS/cAMP pathway confers rapamycin resistance only in a gln3 (and gat1) mutant background.
To test whether the rapamycin-induced, SIT4-controlled dephosphorylation of NPR1 is affected by the RAS/cAMP pathway, the phosphorylation state of NPR1 in rapamycin-treated wild-type, bcy1, and RAS2
Val19 cells was monitored. Dephosphorylation of NPR1, assayed by detection of altered electrophoretic mobility of NPR1 (54), occurred to a similar extent in wild-type, bcy1, and RAS2
Val19 cells (Fig. 6B) . Moreover, and in good agreement with the results obtained for NPR1, an activated RAS/cAMP pathway (bcy1 and RAS2 Val19 ) did not prevent the rapamycin-induced degradation of the tryptophan permease TAT2 (data not shown). This again indicates that rapamycin-induced, TAP42/SIT4-regulated events are not affected by activation of the RAS/cAMP pathway. Given the apparent difference in TOR signaling to HXT1 (RAS/cAMP) and TAT2 (TAP42) stability, the common involvement of ubiquitination (RSP5) and endocytosis (SLA2) in the degradation of HXT1 (see above) and TAT2 (3) may reflect a general rather than a TOR-specific requirement.
In summary, activation of the RAS/cAMP pathway prevents some rapamycin-induced readouts, such as MSN2 translocation, ribosome biogenesis, and HXT1 down-regulation, but Val19 (TS95-1D/pTS118), and sit4 (TS65-2D) cells were grown in synthetic complete medium and treated with drug vehicle or rapamycin for 45 min. Total RNA was probed with 32 P-labeled DNA probes specific for the RP genes RPL30, and RPS26A and also for actin (ACT1) as the loading control. (B) The strains described in panel A were grown in synthetic complete medium and treated with drug vehicle or rapamycin for 45 min. They were then labeled for 5 min with L-[methyl-
3 H]methionine, and extracted total RNA was subjected to scintillation counting. Values obtained for nucleic acid-incorporated radioactivity were normalized to the values for label uptake in each reaction. The normalized value for drug vehicletreated cells (control), which was similar for all strains used in this experiment, was defined as 100(%) of Pol I and Pol III activity. Means and standard deviations of the mean of at least three assays were plotted.
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on February 26, 2014 by PENN STATE UNIV http://mcb.asm.org/ does not overcome other rapamycin-induced readouts, such as GLN3 translocation, NPR1 dephosphorylation, and TAT2 degradation. The readouts that are not prevented by RAS/ cAMP correspond to those controlled by TAP42/SIT4. The different signaling components for different TOR readouts suggest a signaling bifurcation downstream of TOR. To examine this suggestion, we investigated whether the absence of SIT4 (or, in some cases, the presence of a rapamycin-resistance allele of TAP42, tap42-11 [16] ) affects the TOR-controlled readouts that were demonstrated above to be prevented by activation of the RAS/cAMP pathway. Rapamycin-induced translocation of MSN2, in contrast to GLN3 relocalization or NPR1 dephosphorylation, was not blocked in a sit4 or tap42-11 mutant (reference 2 and data not shown). In agreement with this finding, sit4 and tap42-11 mutants displayed wild-type-like glycogen accumulation and (for sit4) HSP12 induction on rapamycin treatment (Fig. 2C and D) . Furthermore, transcription of the RP genes RPL30 and RPS26A was reduced in rapamy- Val19 (TS95-1D/pTS120), tap42-11 (TS83-6A), and sit4 (TS65-2D) cells transformed with pTB374 (HXT1-HA 3 , 2m) were grown in synthetic complete medium (tap42-11 at 24°C, other strains at 30°C) and treated with drug vehicle or rapamycin for 150 min. They were then harvested and processed for immunoblotting. The predicted molecular mass of HXT1-HA 3 is approximately 65 kDa; the molecular reason for the broad HXT1 signal is currently unknown. The molecular mass standard (in kilodaltons) is indicated on the left. (B) Wild-type (wt, TB50a), bcy1 (TS141), and RAS2
Val19 (TS95-1D/pTS118) cells transformed with pTB380 (HXT1-HA 3 , CEN) were grown in synthetic complete medium and treated with drug vehicle or rapamycin for 75 min. They were then subjected to indirect immunofluorescence analysis to visualize HXT1. bcy1 and RAS2
Val19 cells treated with drug vehicle alone showed a plasma membrane distribution of HXT1 similar to the one in wild-type control cells (not shown). The cellular distribution of HXT1-HA 3 is shown in the left column; the same field of cells is shown in the middle (Nomarski) and right (DNA; DAPI staining) columns. (Fig. 4A) . Moreover, Pol I and Pol III activity, assayed by biosynthetic methylation of rRNA and tRNA, was reduced approximately fourfold in sit4 mutant cells on rapamycin treatment, a reduction similar to that obtained with wild-type cells (Fig. 4B) . Finally, rapamycininduced down-regulation of the hexose transporter HXT1 occurred in sit4 and tap42-11 cells (Fig. 5A ). Therefore, a sit4 mutation did not affect the readouts shown above to be affected by the RAS/cAMP pathway. Taken together, these results suggest that TAP42/SIT4 and RAS/cAMP signaling do indeed function in separate rapamycin-sensitive signaling pathways downstream of TOR. Interestingly, rapamycin-induced autophagy was reduced in sit4, bcy1, and RAS2 Val19 cells. In the absence of SIT4, rapamycin treatment induced autophagy to about 55% of wild-type levels (Fig. 3) , indicating that a sit4 mutation blocks autophagy but does so less effectively than does activation of the RAS/ cAMP pathway. Therefore, contrary to the seemingly separate control of different TOR readouts by TAP42/SIT4 and RAS/ cAMP described above, SIT4 and RAS/cAMP may jointly control autophagy. Given the complexity of the autophagic process (formation and trafficking of large membrane structures), a contribution of both pathways to the control of autophagy is plausible (10, 32, 46) .
TOR controls the localization of TPK1 and YAK1. Recent studies have established that PKA localization in S. cerevisiae is regulated by cAMP levels. Deprivation of cAMP in rapidly growing yeast cells results in a pronounced nuclear accumulation of the PKA catalytic subunit TPK1. cAMP addition, which activates PKA via dissociation of the TPK-BCY1 complex, leads to rapid relocalization of TPK1 to the cytoplasm. The regulatory (kinase-inhibitory) BCY1 subunit remains localized in the nucleus in the presence and absence of cAMP. Hence, catalytically inactive PKA appears to reside in the nucleus (22, 23) . To investigate how TOR and the RAS/cAMP pathway cooperate in signaling to cell growth readouts, we examined TPK1 and BCY1 localization in rapamycin-treated cells. Single-copy, HA-tagged versions of TPK1 and BCY1 expressed under the control of their own promoters were constructed and used to determine the subcellular localization of TPK1 and BCY1. In control cells, TPK1 was generally distributed throughout the cell; on rapamycin treatment, TPK1 accumulated in the nucleus, as observed previously in cAMP-deprived cells (Fig. 7A) . The localization of BCY1 was not significantly altered on rapamycin treatment; i.e., BCY1 remained nuclear (Fig. 7A) . Thus, similar to cAMP deprivation, rapamycin treatment induces the nuclear accumulation and presumably BCY1 binding of TPK1, suggesting that TOR maintains PKA activity. That TOR maintains PKA activity also explains the suppression of a TOR deficiency by activation of the RAS/cAMP pathway.
To characterize the rapamycin-induced nuclear accumulation of TPK1, we investigated the localization of TPK1 in rapamycin-treated cells lacking SIT4 or BCY1. In rapamycintreated sit4 cells, as in wild-type cells, TPK1 accumulated in the nucleus, indicating that the nuclear translocation of TPK1 in response to TOR inactivation occurs independently of SIT4 (Fig. 7A) . In rapamycin-treated bcy1 cells, TPK1 remained largely cytoplasmic on rapamycin treatment (Fig. 7A ). This finding is in good agreement with a previous report suggesting that nuclear accumulation of TPK1 depends on an interaction with nuclear BCY1 (22) .
We also observed that HA-TPK1 expression is reproducibly and significantly reduced in bcy1 cells. The TPK1 promoter contains several putative MSN-binding STRE elements (43) . In a bcy1 mutant, MSN2 and MSN4 remain cytoplasmic (see above) and thus presumably unable to activate TPK1 expression. Val19 (TS177-7B/pTS118) cells (all expressing GLN3-myc 13 ) were grown in synthetic complete medium and treated with drug vehicle or rapamycin for 20 min. They were then subjected to indirect immunofluorescence analysis to visualize GLN3. bcy1 and RAS2
Val19 cells treated with drug vehicle alone showed a cytoplasmic distribution of GLN3 similar to the one in wild-type control cells (not shown). The cellular distribution of GLN3-myc 13 is shown in the left column; the same field of cells is shown in the middle (Nomarski) and right (DNA; DAPI staining) columns. (B) Wild-type (wt, TB50a), bcy1 (TS141), and RAS2
Val19 (TS95-1D/ pTS119) cells transformed with pAS103 (HA-NPR1) were grown in synthetic complete medium to logarithmic phase and treated with drug vehicle or rapamycin for 15 min. They were then harvested and processed for immunoblotting. The more rapidly migrating form of NPR1 represents the dephosphorylated species (54 As mentioned above, deletion of YAK1 in a gln3 gat1 mutant background also confers resistance to rapamycin. Moreover, YAK1 accumulates in the nucleus in response to nutrient starvation (42) . To investigate if YAK1, like TPK1, is controlled by TOR, we examined YAK1 localization in rapamycin-treated cells. Whereas YAK1 was generally distributed throughout the cell in control cells, we observed a pronounced nuclear YAK1 signal in rapamycin-treated cells, indicating that YAK1 localization is controlled by TOR (Fig. 7B) . In summary, TOR controls the localization, and therefore possibly the activity, of both TPK1 and YAK1, suggesting that TOR signals through the RAS/cAMP pathway.
DISCUSSION
We report that constitutive activation of the RAS/cAMP pathway blocks several rapamycin-induced responses and thus confers rapamycin resistant growth. The rapamycin-induced responses include down-regulation of ribosome biogenesis, decreased expression of the glucose transporter HXT1, activation of stress (STRE) transcription, and induction of autophagy. Interestingly, the TOR effectors TAP42 and the PP2A-related phosphatase SIT4 are not involved in the control of most of these RAS/cAMP-regulated TOR readouts. Conversely, TAP42/SIT4-dependent events, such as GLN3 translocation or NPR1 dephosphorylation, are still rapamycin sensitive in cells with activated RAS/cAMP signaling. These findings suggest that rapamycin-sensitive TOR signaling may bifurcate into (at least) two separate effector pathways-TAP42/SIT4 and RAS/ cAMP-each controlling a specific subset of TOR readouts (Fig. 8) . The notion of two separate rapamycin-sensitive pathways downstream of TOR is also supported by the finding that activation of the RAS/cAMP pathway confers rapamycin-resistant growth only in a gln3 gat1 background (Fig. 1) .
How does TOR impinge on RAS/cAMP signaling? The simplest model is that TOR signals through the RAS/cAMP pathway to control a TAP42/SIT4-independent set of readouts, including ribosome biogenesis and HXT1 expression. This model is supported by the key and novel finding that TOR controls the localization and presumably the activity of TPK1 (Fig. 7A) . It remains to be determined how TOR controls TPK1 localization. It is also worth nothing that the RAS/cAMP pathway may not be controlled exclusively by TOR. Similar to the intersection of the glucose-responsive GPR1/GPA2 system with the RAS/cAMP pathway (59) , TOR may interact with the RAS/cAMP pathway as a nitrogen-responsive input. The mechanism by which TOR interacts with the RAS/cAMP pathway at or upstream of TPK1 is unknown.
An alternative model for how TOR impinges on RAS/cAMP signaling is that the RAS/cAMP pathway and an unknown, rapamycin-sensitive TAP42/SIT4-independent pathway converge on several common targets. This model seems unlikely because it requires that TOR and the RAS/cAMP pathway converge simultaneously on several targets and because of the finding that TOR controls PKA localization (Fig. 7A) . However, TOR and the RAS/cAMP pathway may converge at least on the stress transcription factors MSN2 and MSN4. Others have reported that TOR and the RAS/cAMP pathway appear to signal in parallel to MSN2 (20, 21) .
The two models described above are not mutually exclusive. TOR may intersect with the RAS/cAMP pathway at more than one level. Cross talk between signaling pathways is a common theme in growth control. Of particular relevance is the link between mTOR signaling and the PI3K/PDK1/PKB pathway in mammalian cells. This link involves both convergence on common targets, such as S6K or 4E-BP, and a regulator-effector relationship in which PKB controls mTOR via the TSC complex (see the introduction) (30) . Interestingly, the mTOR and PKA signaling pathways in mammalian cells have also recently been linked as mediators of the cardiomyocyte response to glutamine (65) .
Ribosome biogenesis is a major consumer of the cell's energy resources, and its regulation is therefore of particular importance in the context of cell growth control. Growthcontrolling transcription of RP genes involves PKA-dependent regulation of the transcription factor RAP1 (34). Depletion of cAMP or nutrient starvation leads to repression of RP mRNA levels. However, it has also been proposed that nutrient availability may induce the expression of RP genes by a mechanism independent of the RAS/cAMP pathway (44) . We found that activation of the RAS/cAMP pathway prevents the down-regulation of ribosome biogenesis (RP gene, rRNA and tRNA transcription) on TOR inhibition (Fig. 4) . Also, we found that TOR-regulated ribosome biogenesis is independent of SIT4 (Fig. 4) , in agreement with the recent report by Duvel et al. that TAP42 inactivation does not affect the expression of RP genes and their rapamycin-induced repression (17) . Definition of the critical upstream nutrient signals and dissection of the transcriptional effectors involved in the TOR-mediated control of ribosome biogenesis should provide further insight into how TOR signals in conjunction with the RAS/cAMP pathway to regulate ribosome biogenesis and cell growth.
In summary, our results suggest that TOR, via different effector pathways, signals to different growth-related readouts. Furthermore, our findings link the TOR and RAS/cAMP pathways, the two major nutrient-responsive, growth-controlling pathways in yeast. Elucidation of the precise nature of the relationship between these two pathways and the identification of linking components will provide further insight into how TOR and RAS/cAMP jointly contribute to the control of yeast cell growth.
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